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Small-angle x-ray s c a t t e r i n g  is  o f t e n  u s e f u l  f o r  i n v e s t i g a t i n g  subatcroscopic  
s t r u c t u r e s - - t h a t  1s. s t r u c t u r e s  w i t h  dimensions between about 20 and 2000 A ( 1 ) .  
This technique  has  been employed in s e v e r a l  s t u d i e s  of t h e  p o r o s i t y  and o t h e r  
submicroscopic s t r u c t u r e  of c o a l s  ( 2 - - 7 ) .  

In t h i s  review, w e  w i l l  summarize t h e  r e s u l t s  we obta ined  i n  Reference (71, 
and we w i l l  d i s c u s s  b r i e f l y  some of our  more r e c e n t  s c a t t e r i n g  s t u d i e s  of  c o a l  
p o r o s i t y  (8) .  We a l s o  w i l l  i l l u s t r a t e  how s c a t t e r i n g  techniques  can  provide  
u s e f u l  i n f o r m a t i o n  about  t h e  p r o p e r t i e s  of coa l -der lved  l i q u i d s  aged under oxygen 
f o r  p e r i o d s  up t o  8 weeks (9 ) .  

F i r s t ,  however, w e  w i l l  r ev iew some of t h e  methods and techniques  which w e  
employed i n  o u r  i n t e r p r e t a t i o n  of t h e  small-angle x-ray s c a t t e r i n g  d a t a  from 
c o a l s .  F igure  1 is  a schemat tc  drawing of a small-angle x-ray s c a t t e r i n g  
system. X-rays from t h e  tube  T a r e  formed i n t o  a beam by s l i t s  and f a l l  on the 
sample S. A s m a l l  f r a c t t o n  of t h e  x-rays s t r i k i n g  t h e  sample a r e  re-emitted,  
wi thout  change of wavelength ,  i n  d i r e c t i o n s  d i f f e r e n t  from t h a t  of t h e  incoming 
beam. The i n t e n s i t y  of t h e s e  re -emi t ted  x-rays,  which a r e  c a l l e d  t h e  s c a t t e r e d  
rays ,  and t h e i r  dependence on t h e  d i r e c t i o n  in which they are e m i t t e d  depend on  
tlie s t r u c t u r e  of t h e  sample. I n  a s c a t t e r i n g  exper iment ,  t h e  i n t e n s i t y  of t h e  x- 
rays  s c a t t e r e d  i n  d i F f e r e n t  d i r e c t i o n s  is measured, and from a n  a n a l y s i s  of these  
d a t a ,  an  a t tempt  is made t o  o b t a i n  i n f o r m a t i o n  about  t h e  s t r u c t u r e  of t h e  sample 
producing t h e  s c a t t e r i n g .  F i g u r e  1 shows a ray s c a t t e r e d  a t  a n  a n g l e  8 with 
r e s p e c t  t o  t h e  incomtng beam. The s c a t t e r e d  r a d i a t i o n  i s  recorded  by t h e  d e t e c t o r  
C. 

While no u n i v e r s a l  p r e s c r i p t i o n  can  be g iven  f o r  a n a l y z i n g  t h e  s c a t t e r i n g  
p a t t e r n  from an a r b i t r a r y  sample,  we w i l l  review some g e n e r a l  p r i n c i p l e s  u s e f u l  
f o r  i n t e r p r e t a t i o n  of s c a t t e r i n g  measurements. For a sample which has  a s t r u c t u r e  
c h a r a c t e r t z e d  by a dimension a ,  most i n f o r m a t i o n  o b t a i n a b l e  from s c a t t e r i n g  
measurements w i l l  be found a t  s c a t t e r i n g  a n g l e s  8 i n  a n  i n t e r v a l  f o r  which 

0.1 < ha  < 10, (1) 

where h = (4n/A) s i n ( 8 / 2 ) ;  and A 1s t h e  x-ray wavelength. For a n g l e s  no g r e a t e r  
t h a n  about 7 d e g r e e s ,  s i n  8/2 can  be approximated by 8/2 , and s o  f o r  small 
s c a t t e r l n g  a n g l e s ,  h can be cons idered  p r o p o r t i o n a l  t o  8. According t o  ( l ) ,  f o r  
a s t r u c t u r e  wi th  dimension a ,  t h e  s c a t t e r i n g  i s  determined by t h e  product h a ,  so  
t h a t  t h e r e  is an  i n v e r s e  r e l a t i o n s h i p  hetween t h e  s i z e  of t h e  s t r u c t u r e  and the  h 
v a l u e s  a t  which t h e  s c a t t e r e d  i n t e n s i t y  from t h i s  S t r u c t u r e  1s a p p r e c i a b l e .  S ince  
t h e  x-ray wavelengths a r e  normally of t h e  o r d e r  of 1 o r  2 A and thus  are of t h e  
same magnitude as t h e  i n t e r a t o m i c  spac ing  i n  s o l i d s  and l i q u i d s ,  I n e q u a l i t y  (1) 
s t a t e s  t h a t  t h e  x-ray s c a t t e r i n g  from s t r i i c t u r e s  wi th  dimensions between about  20 
and 2000 A w i l l  be observed a t  s c a t t e r i n g  a n g l e s  no g r e a t e r  than  a few degrees .  
Small-angle x-ray s c a t t e r i n g  thus  can be used t o  s t u d y  t h e s e  submicroscopic  
s t r u c t u r e s .  

X-rays are s c a t t e r e d  by e l e c t r o n s ,  and t h e  small-angle s c a t t e r i n g  w i l l  be 
a p p r e c i a b l e  when t h e  sample c o n t a i n s  r e g i o n s  i n  which f l u c t u a t i o n s  o r  v a r i a t i o n s  
i n  e l e c t r o n  d e n s i t y  ex tend  o v e r  d i s t a n c e s  of 20 t o  2000 A. A t  a n g l e s ,  t h e  
s c a t t e r i n g  process  is  unable t o  r e s o l v e  s t r u c t u r e s  smaller than  about 10 A, and so 
i n  t h e  a n a l y s i s  of t h e  s c a t t e r i n g  d a t a ,  t h e  a tomic-sca le  s t r u c t u r e  can be 
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neg lec t ed .  For many s c a t t e r i n g  s t u d i e s ,  it i s  t h e r e f o r e  convenient  t o  c o n s i d e r  
t h e  sample t o  be composed of two phases ,  with c o n s t a n t  but  d i f f e r e n t  e l e c t r o n  
d e n s i t i e s .  

I f  t h i s  two-phase approximation h o l d s  and t h e  two phases  always are s e p a r a t e d  

> 3.5, t h e  s c a t t e r e d  i n t e n s i t y  I ( h 7  
by a s h a r p ,  d i scon t inuous  boundary,  when t h e  minimum c h a r a c t e r i s t i c  dimension a 
of the s t r u c t u r e  s a t i s f f i e s  t h e  c o n d i t i o n  ha  
c a n  be approximated by ( 7 )  

where p i s  the d i f f e r e n c e  of t h e  e l e c t r o n  d e n s i t i e s  of t h e  two phases ,  I, is t h e  
i n t e n s i t y  s c a t t e r e d  by a s i n g l e  e l e c t r o n ;  S is  t h e  t o t d l  s u r f a c e  a r e a  s e p a r a t i n g  
t h e  two phases i n  t h e  sample; M i s  t h e  mass of the  sample; and A i s  t h e  c ros s -  
s e c t i o n a l  a rea  of t h e  sample p e r p e n d i c u l a r  t o  t h e  i n c i d e n t  beam. In the  o u t e r  
p a r t  of t h e  small-angle  s c a t t e r  ng cu rve - - tha t  i s ,  when ha > 3.5, t h e  s c a t t e r e d  
i n t e n s i t y  i s  p r o p o r t i o n a l  t o  h-' and t h u s  t o  t h e  i n v e r s e m f o u r t h  power of t h e  
s c a t t e r i n g  ang le .  Horeover ,  when I ( h )  h a s  t h i s  angu la r  dependence, the  magnitude 
of  t h e  s c a t t e r e d  i n t e n s i t y  i s  p r o p o r t i o n a l  t o  t h e  s p e c i f i c  s u r f a c e  S/M, which i s  
t h e  s u r f a c e  a r e a  pe r  u n i t  sample mass s e p a r a t i n g  the  two phases .  

A s  we exp la in  in Reference ( 7 ) ,  t h e  q u a n t i t i e s  I e A  and M/A can be e v a l u a t e d  
from t h e  x-ray d a t a ,  and s o  Equat ion ( 2 )  can be employed t o  c a l c u l a t e  t h e  s p e c i f i c  
s u r f a c e  S/M from t h e  s c a t t e r i n g  d a t a  For samples wi th  submicroscopic  p o r o s l t y .  

We have made use of t h i s  t echn ique  t o  de t e rmine  t h e  s p e c i f i c  s u r f a c e s  of a 
number of PSOC c o a l s .  As our  x-ray s t u d i e s  showed ( 7 )  t h a t  t h e  almost  a l l  of t h e  
small-angle  x-ray s c a t t e r i n g  was due t o  po res  and t h a t  t h e  s c a t t e r i n g  from t h e  
mine ra l  m a t t e r  i n  t h e  c o a l  w a s  a lmos t  n e g l l g i b l e ,  we have i n t e r p r e t e d  t h e  small- 
a n g l e  x-ray s c a t t e r i n g  from c o a l s  a s  be ing  due t o  submicroscopic  po res ,  which a r e  
f i l l e d  w i t h  a i r  and f o r  s c a t t e r i n g  purposes  t h u s  a r e  e s s e n t i a l l y  empty. 

Our s c a t t e r i n g  s t u d i e s  show ( 7 )  t h a t  t h e  rank of the  c o a l  is the  main f a c t o r  
which determines t h e  form of t h e  a n g u l a r  dependence of t h e  s c a t t e r e d  i n t e n s i t y .  
The s c a t t e r i n g  c u r v e s  f o r  t h e  c o a l s  which we s t u d i e d  can be grouped i n  f o u r  
c l a s s e s ,  as F i g u r e  2 i l l u s t r a t e s .  S ince  both axes  of F igu re  2 a r e  l o g a r i t h m i c ,  
t h e  curves in F i g u r e  2 a r e  5 t r a l g h t  l i n e s  wi th  s l o p e s  -4 when Equat ion ( 2 )  
d e s c r i b e s  t h e  s c a t t e r i n g .  An a n g u l a r  dependence of t h i s  form i s  ob ta ined  f o r  a l l  
types  of c o a l s  a t  t h e  s m a l l e s t  a n g l e s  a t  which d a t a  could be recorded--that i s ,  
f o r  s c a t t e r i n g  a n g l e s  s m a l l e r  t han  about  0.005 r a d i a n .  For Pennsylvania  Buck 
Mountain a n t h r a c i t e  c o a l  (PSOC 81, t r i a n g l e s ) ,  t h i s  i n v e r s e - f o u r t h  power c o n t i n u e s  
t o  s c a t t e r i n g  a n g l e s  as l a r g e  as about  0.015 r a d i a n ,  and then t h e  i n t e n s i t y  
d e c r e a s e s  less r a p i d l y  wi th  i n c r e a s i n g  s c a t t e r i n g  ang le .  Of a l l  c o a l s  shown i n  
Fig. 2 ,  t h e  s c a t t e r i n g  i n  t h e  o u t e r  p a r t  of t h e  p l o t  is  most i n t e n s e  f o r  t h e  
a n t h r a c i t e s .  W e  i n t e r p r e t  ( 8 )  t h i s  r e s u l t  a s  be ing  due t o  the  p re sence  of a 
r e l a t t v e l y  l a r g e  number of mic ropores ,  w i th  ave rage  dimensions s m a l l e r  t han  about  
30 A. As we have o b t a i n e d  similar cu rves  f o r  o t h e r  a n t h r a c i t e s ,  we have concluded 
t h a t  i n  t h e s e  high-rank c o a l s ,  t h e r e  i s  a l a r g e  f r a c t i o n  of micropores  and an  
a p p r e c l a b l e  number of macropores. which have dimensions of 1000 A o r  more. In a 
low-rank coal l i k e  Washington Queen t 4  (PSOC 95, c i r c l e s ) ,  t h e r e  a l s o  a r e  
macropores, but  s i n c e  in t h e  o u t e r  p a r t  of Fig 1 t h e  i n t e n s i t y  is lower than  f o r  
t h e  a n t h r a c i t e ,  we conc lude  t h a t  t h e  a n t h r a c l t e s  have a l a r g e r  f r a c t i o n  of 
micropores .  L i g n i t e s  gave s c a t t e r i n g  c u r v e s  s i m i l a r  t o  t h e  cu rve  f o r  PSOC 95. In 
t h e  s c a t t e r i n g  c u r v e s  f o r  low v o l a t i l e  bi tuminous c o a l s  l i k e  Pennsylvania  E. 
K i t t a n i n g  c o a l  (PSOC 1 2 7 ,  p l u s  signs), t h e r e  i s  a maximum nea r  0.080 r a d i a n s .  
Th i s  maximum h a s  been a s c r i b e d  ( 1 0 )  t o  i n t e r a c t i o n s  between t h e  fundamental 
s c a t t e r i n g  u n i t s  i n  t h e s e  c o a l s ,  which a r e  p l a n a r  a g g r e g a t e s  of a romat i c  r i n g s .  
I n  t h e  f o u r t h  type of curve in Fig. 2 ,  which we  ob ta ined  f o r  I l l i n o i s  No. 6 c o a l  
(PSOC 22,  s q u a r e s )  and f o r  many o t h e r  b u t  not a l l  low and medium-rank bi tuminous 
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Coals ,  t h e r e  is a s h o u l d e r  on t h e  s c a t t e r i n g  curve  a t  h t e r m e d i a t e  s c a t t e r i n g  
angles .  On b o t h  s i d e s  of t h e  s h o u l d e r  or  i n f l e c t i o n ,  t h e  l n t e n s i t y  is  
p r o p o r t i o n a l  t o  t h e  i n v e r s e  f o u r t h  power of 8. (The s h o u l d e r  on t h e  curve i n  
Fig. 3 o c c u r s  a t  such  small a n g l e s  t h a t  i n  t h i s  curve  t h e  i n n e r  r e g i o n  where t h e  
i n t e n s i t y  i s  p r o p o r t i o n a l  t o  t h e  i n v e r s e  f o u r t h  power of 8 is  b a r e l y  v i s i b l e . )  A s  
we e x p l a i n  in Reference  7 ,  we c o n s i d e r  th . ls  s h o u l d e r  t o  be the  r e s u l t  of t h e  fact 
t h a t  i n  t h e s e  c o a l s ,  t h e r e  is a r e l a t i v e l y  h i g h  E r a c t l o n  of t r a n s i t i o n a l  pores ,  
With average  dimensions of t h e  o r d e r  of 50 t o  200 A .  We c a l c u l a t e d  a s p e c i f i c  
Sur face  from each p a r t  of the  s c a t t e r i n g  curve  which was p r o p o r t i o n a l  t o  t h e  
i n v e r s e  f o u r t h  power of 8. These two s u r f a c e s  a r e  t h e  s p e c i f i c  s u r f a c e s  of t h e  
macropores and t h e  t r a n s i t i o n a l  pores.  We have found t h a t  t h e  presence  of an  
i n f l e c t i o n  in t h e  s c a t t e r i n g  curve  is an i n d i c a t i o n  t h a t  t h e  c o a l  has  a r e l a t i v e l y  
l a r g e  number of t r a n s i t i o n a l  pores .  

A t  t h e  t i m e  we  wrote  t h e  manuscr ip t  f o r  Reference  (7 ) ,  we were unable  t o  
r e l a t e  t h i s  h igh  f r a c t i o n  of t r a n s i t i o n a l  pores  t o  any o t h e r  p r o p e r t y  of the 
c o a l s .  We have now found ( 8 )  t h a t  t h e r e  a r e  i n f l e c t i o n s  o n l y  i n  c o a l s  w i t h  f ixed  
carbon c o n t e n t s  -In t h e  i n t e r v a l  from about  72% through 83% p e r  c e n t  ( d r y ,  mineral-  
m a t t e r  f r e e ) .  These resul ts  a r e  summarized i n  F i g u r e  3, whlch is a p r e l i m i n a r y  
p l o t  of t h e  sum of t h e  s p e c i f l c  s u r f a c e s  of t h e  maccopores and t r a n s i t i o n a l  pores 
a s  a f u n c t i o n  of carbon c o n t e n t .  

The a b i l i t y  t o  d i s t l n g u i s h  between t h e  s p e c i f i c  s u r f a c e s  a s s o c i a t e d  wi th  the 
maccopores and t h e  t r a n s i t i o n a l  pores  is ,  we f e e l ,  a unique p r o p e r t y  of small- 
a n g l e  x-ray s c a t t e r i n g .  

By making some r e a s o n a b l e  assumpt ions ,  we have a l s o  been a b l e  t o  e s t i m a t e  the  
s p e c i f i c  s u r f a c e s  and dimensions o f  t h e  micropores  i n  many c o a l s  ( 8 ) .  

The va lue  of t h e  s p e c i f i c  s u r f a c e  o b t a i n e d  i n  s t u d i e s  of porous m a t e r i a l s  
o f t e n  depends on t h e  t e c h n i q u e s  used f o r  t h e  measurement. For example, Gan, 
Nandi, and Walker ( l l ) ,  in t h e i r  a d s o r p t i o n  s t u d i e s  of a number of PSOC c o a l s ,  
o b t a i n e d  much l a r g e r  s p e c i f i c  s u r f a c e s  by carbon d i o x i d e  a d s o p r t i o n  a t  room 
tempera ture  t h a n  by low-temperature a d s o r p t i o n  of n i t r o g e n .  A s  w e  mentioned in 
Reference (7), t h e  d i E f e r e n c e  may be t h e  r e s u l t  of t h e  f a c t  t h a t  carbon d i o x i d e  a t  
room t empera ture  c a n  p e n e t r a t e  s m a l l e r  pores  than  can  be e n t e r e d  by n i t r o g e n  
molecules a t  low tempera ture  (12) .  A s  can  be seen  by comparison of t h e  magnitudes 
of  t h e  s p e c i f i c  s u r f a c e s  I n  F i g u r e  3 with  t h e  n i t r o g e n  s p e c i f i c  s u r f a c e s  i n  F i g u r e  
1 of Reference ( I I ) ,  t h e  x-ray s p e c i f i c  s u r f a c e s  a r e  much n e a r e r  t o  t h o s e  measured 
by low tempera ture  n i t r o g e n  a d s o r p t i o n  than  by room tempera ture  carbon d i o x i d e  
a d s o r p t i o n .  As t h e  micropores  are t o o  small t o  s a t i s f y  t h e  c o n d i t i o n s  n e c e s s a r y  
t o  g i v e  a s c a t t e r e d  L n t e n s i t y  p r o p o r t i o n a l  t o  t h e  i n v e r s e  f o u r t h  power of t h e  
s c a t t e r i n g  a n g l e ,  t h e  "x-ray s p e c i f i c  s u r f a c e "  i n c l u d e s  o n l y  c o n t r i b u t i o n s  from 
t h e  macropores and t r a n s i t i o n a l  pores  and does not  t a k e  account  OE t h e  s p e c i f i c  
s u r f a c e  of t h e  micropores .  

With reasonable  assumt ions ,  t h e  dimensions and t h e  s p e c i f i c  s u r f a c e  of t h e  
micropores  i n  a n t h r a c f t e s  and, a t  times, o t h e r  c o a l s  can  be e s t i m a t e d  from t h e  
smal l -angle  s c a t t e r i n g  d a t a .  

We have r e c e n t l y  completed a small-angle x-ray s c a t t e r i n g  s t u d y  of some coa l -  
d e r i v e d  l i q u i d s  prepared  from West V i r g i n i a  I r e l a n d  Mine c o a l  in t h e  U. S. 
Department of  Energy P i t t s b u r g h  Energy Technology C e n t e r  400 l b / d a y  Bruceton 
L i q u e f a c t i o n  Unit and aged under oxygen f o r  d i f f e r e n t  l e n g t h s  of time (9).  To 
a n a l y z e  t h e  s c a t t e r i n g  d a t a ,  we used t h e  r a d i u s  of g y r a t i o n  approximat ion ,  
accord ing  t o  which, f o r  i n d e p e n d e n t l y - s c a t t e r i n g ,  randomly-oriented p a r t i c l e s  
(Ref. 1, pp. 24-28), 

2 2  
I ( h )  = I(0) e-(h '3), ( 3 )  
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where T(0) is t h e  zero-angle  s c a t t e r e d  i n t e n s i t y ,  and R,  t h e  r a d i u s  oE g y r a t i o n ,  
i s  a c h a r a c t e r i s t i c  dimension of t h e  p a r t i c l e .  According t o  Equat ion  ( 3 ) ,  which 
approximates  the s c a t t e r i n g  when hR i s  not  l a r g e  wi th  r e s p e c t  t o  1, a p l o t  of t h e  
logar i thm of t h e  s c a t t e r e d  i n t e n s i t y  a s  a f u n c t i o n  of t h e  s q u a r e  of t h e  s c a t t e r i n g  
a n g l e  should be a s t r a i g h t  l l n e ,  from t h e  s l o p e  of which t h e  radLus of gyratLon 
can  be c a l c u l a t e d .  I n  F ig .  4 ,  t h e  r a d i u s  of g y r a t i o n  p l o t s ,  which a r e  a t  l e a s t  
approximate ly  l i n e a r ,  show t h a t  t h e  r a d i i  of g y r a t i o n  of  t h e  coal-derived l i q u i d s ,  
and thus  t h e  a v e r a g e  s i z e  of t h e  p a r t i c l e s ,  a t  f i r s t  grows s l o w l y ,  bu t  a f t e r  t h e  
sample i s  aged f o r  more t h e  4 weeks, t h e r e  is a s h a r p  r i s e  i n  t h e  r a d i u s  of 
g y r a t i o n .  This Lncrease i n  t h e  r a d i u s  of g y r a t i o n  i s  accompanied by d l a r g e  
:=crease i n  t h e  v i s c o s i t y .  The s c a t t e r i n g  d a t a  t h u s  r e l a t e  the  rise of t h e  
v i s c o s i t y  t o  t h e  presence  of r e l a t i v e l y  l a r g e ,  agglomerated c o l l o i d a l  p a r t i c l e s  i n  
t h e  coal-derived l i q u i d s .  

By use of helium d e n s i t y  and chemica l  composi t ion  measurements of t h e  c o a l -  
d e r i v e d  l i q u i d s ,  w e  were a b l e  t o  show t h a t  i n  t h e  e a r l y  s t a g e s  of aging--that i s ,  
b e f o r e  d p p r e L l a b k  agglomera t ion  took p l a c e ,  t h e  number of c o l l o i d a l  p a r t i c l e s  
remained e s s e n t i a l l y  c o n s t a n t ,  and t h a t  t h e  main e l f e c t  of a g i n g  was t o  cause  t h e  
c o l l o i d a l  p a r t i c l e s  a l r e a d y  p r e s e n t  t o  grow l a r g e r ,  r a t h e r  t h a n  t o  produce new 
p a r t i c l e s .  We a l s o  have been a b l e  t o  make a rough e s t i m a t e  of t h e  f r a c t i o n s  of 
t h e  volume occupied by t h e  small  and l a r g e  c o l l o i d a l  p a r t i L l e s .  
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Fig.  1 .  (above)  Sche- 
m a t i c  diagram of a small-angle  
x-ray s c a t t e r i n g  system. 
(Reproduced from Reference 7 
by permissLon of t h e  American 
Chemical S o c i e t y . )  

F i g u r e  2 .  ( l e f t )  Typ ica l  
s c a t t e r i n g  cu rves  f o r  t h e  c o a l  
samples .  Curves 1--4 show the  
d a t a  f o r  PSOC c o a l s  95 ( c i r -  
c l e s ) ,  1 2 7  ( p l u s  s i g n s ) ,  81 
( t r i a n g l e s )  and 2 2  ( s q u a r e s ) .  
( T h i s  p l o t  is reproduced from 
Refe rence  7 by pe rmis s ion  of 
t h e  American Chemical Soci- 
e t y .  1 
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Figure 3 .  The 
pores f o r  c o a l s  

combined x-ray s p e c f i c  sur faces  of the macropores and trans i tona l  
of d i f f e r e n t  carbon content  (dry ,  ash-Lree).  
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Figure 4 .  Radius of gyrat ion  p l o t s  f o r  the  coal-derived l i q u i d s .  
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